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E-mail address: K.J.Hellingwerf@uva.nl (K.J. HellinThe redox-midpoint potential of the FAD chromophore in the BLUF domain of anti-transcriptional
regulator AppA from Rhodobacter sphaeroides equals 260 mV relative to the calomel electrode.
Altering the structure of its chromophore-binding pocket through site-directed mutagenesis brings
this midpoint potential closer to that of free ﬂavin in aqueous solution. The redox-midpoint poten-
tial of this BLUF domain is intermediate between those of LOV domains and Cryptochromes, which
may rationalize the primary photochemistry observed in these three ﬂavin-containing photorecep-
tor families. These results also imply that LOV domains, among the ﬂavin-containing photosensory
receptors, are least sensitive to intracellular chemical reduction in the dark.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The molecular basis by which living organisms respond to blue
light has long remained a mystery, to the extent that the photosen-
sory receptors involved in this response were generally referred to
as ‘cryptic’ for several decades. Presumably this was in part due to
the high-energy content of blue photons, which left little room –
when varying light intensity – between detection of the biological
response and inﬂiction of irreversible damage. This situation has
changed, ﬁrst with the discovery of PYP and the xanthopsin family
[1–3], and subsequently with the molecular (biological) character-
ization of three different families of ﬂavin-containing photoreceptor
families [4]. The ﬁrst of these latter three families were the crypto-
chromes (Cry), of which a molecular (biological) characterization
was provided by Cashmore and colleagues [5]. Subsequently, also
LOV domains [6] and BLUF domains [7] were discovered and
characterized [8,9]. This has led to a situation that by now of key
representatives of each of these families the molecular structure
and mechanism of primary photochemistry has been resolved and
this knowledge has been the basis for further detailed subdivision
of the Cry [10] and LOV families [11], as well as several interesting
engineering applications (see e.g. [12,13]).chemical Societies. Published by E
Microbiology, Swammerdam
, 1018 WV Amsterdam, The
gwerf).These three ﬂavin-containing photoreceptor families each use a
characteristically different type of primary photochemistry (for a
review see: [4,14]): Best characterized are the LOV domains, most
of which bind FMN, rather than FAD, which is the physiological
chromophore in the BLUF and Cry families. In the LOV domains
light absorption leads to a singlet excited state, which converts
through inter-system crossing to a triplet state on the nanosecond
timescale. The triplet state then decays at the microsecond time-
scale and forms a state in which the C(4) atom of the isooxallazine
ring of the ﬂavin forms a covalent bond with the sulfur atom of a
nearby cysteine side chain. The deformation of the ﬂavin ring sys-
tem that accompanies this covalent bond formation then leads to
rearrangement of its surrounding amino acid side chains, amongst
which is a key glutamine, that ‘ﬂips’ because of this. It cannot yet
be decided whether the covalent bond formation is preceded by
hydrogen, electron and/or proton transfer [15].
In BLUF domains light absorption leads to reversible electron-,
followed by proton- [16], or hydrogen- [17] transfer at the picosec-
ond timescale, which then causes a similar ‘glutamine ﬂip’ as in
LOV domains, as was apparent not only from structural studies
[18] but also suggested by trans-family engineering studies be-
tween these two photoreceptor protein families [12]. The primary
electron/proton donor for the ﬂavin is the phenolic ring of a tyro-
sine that hydrogen bonds in the receptor state of the BLUF domain
to the ﬂipping glutamine, but other residues may function as a
donor as well [19]. In Cryptochromes light absorption initiates
electron transfer, from a chain of tryptophan residues, to thelsevier B.V. All rights reserved.
168 J.C. Arents et al. / FEBS Letters 585 (2011) 167–172oxidized FAD that is present in the dark. This presumably leads to a
long-living bi-radical state that plays a key role in crypochrome
signaling [20].
In all these three families the photochemically active species in
the receptor state (i.e. the form present in the dark prior to light
absorption) is the oxidized form of the FAD or FMN, as is apparent
from the wavelength-dependence of their activation (see e.g. [21]),
in spite of the fact that the intracellular environment in which such
photoreceptors reside may become quite reduced, particularly
when cells are confronted with a lack of oxygen. For two of the
photoreceptor families the redox midpoint potential has recently
been reported, i.e. for LOV domains [22] and Cryptochromes [23].
Here we report the same characteristic for the BLUF domain of
AppA from Rhodobacter sphaeroides and several variants thereof,
obtained through site-directed mutagenesis, and these results are
compared with parallel measurements on selected LOV domains.
The results obtained are discussed in the light of the mechanism
of primary photochemistry in the three ﬂavin-containing blue-
light photoreceptor families and are compared with the redox-
and photochemical characteristics of photolyase.
2. Materials and methods
2.1. Materials
Xanthine oxidase (from buttermilk), dyes (anthraquinone-2-
sulfonate, methylviologen, phenosafranin and safranin O), nucleo-
tides (FMN and FAD), buffers and general chemicals were bought
from Sigma–Aldrich Co, St. Louis, MO, USA. Glucose oxidase (lyoph-
ilized) was supplied by Roche Products Ltd., Hertfordshireand, UK,
and Argon gas (Argon 5.0 Instrument; >99.99% pure) was provided
by Praxair (Vlaardingen, The Netherlands).
2.2. Puriﬁcation of photoreceptor domains
The BLUF domain of AppA from Rb. sphaeroides (AppA5-125) and
several of its variants obtained through site-directed mutagenesis
were isolated as previously described [24]. YtvA was puriﬁed using
the procedure described in Avila Perez et al. [25]. The LOV2 domain
of phototropin-1 from Avena sativa was isolated after heterologous
over-expression in Escherichia coli as described elsewhere [26].
2.3. Redox midpoint potential determinations
The method to measure the redox midpoint potential (all values
are expressed relative to the calomel electrode) of a series of ﬂavin-
containing photoreceptor proteins was adapted from the xanthine/
xanthine oxidase method that was developed by Massey [27,28].
UV/visible spectra were recorded in a 3 ml quartz cuvette which
could be closed with a screw cap and containing a septum to pre-
vent oxygen inﬂow and a small stirrer bean to achieve mixing of its
contents within a few seconds. The reaction mixture was kept at
room temperature with a forced air-ﬂow through a cooling mantel
that surrounded the cuvette. All solutions were pre-treated by
bubbling with argon for at least an hour prior to spectroscopic
measurements. The standard assay buffer contained 50 mM Tris–
HCl of pH = 8.0, 1 mM EDTA, 400 lM xanthine, 2 lM methylviolo-
gen, 20 lM of the particular dye, 10 mM glucose and 20 lM of the
particular ﬂavoprotein in a total volume of 2 ml. After addition
10 ll of glucose oxidase (from a stock solution on 10 mg/ml), the
reversible reduction of the ﬂavoprotein was initiated with 10 ll
of xanthine oxidase (freshly prepared from a stock solution of
15 mg/ml). Glucose and glucose oxidase were then added to re-
move molecular oxygen and keep the reaction mixture anaerobic.
Simultaneously, via needles punched through the septum of thecuvette, argon was ﬂushed over the reaction mixture at approxi-
mately 1 ml/min.
To ensure redox equilibrium between the added dye and the ﬂa-
voprotein during the measurements, the concentration of xanthine
oxidase was kept low enough to allow the reduction of the compo-
nents in the cuvette take at least two hours. Midpoint potentials
(Em(protein)) can be calculated from such measurements e.g. when
the oxidized- and reduced forms of the protein to be titrated have
reached the same concentration, from the relation:
EmðproteinÞ ¼ EmðdyeÞ þ ð59=nÞ: logð½dyeox=½dyeredÞ ð1Þ
In this equation Em is the redox midpoint potential (expressed
relative to the standard calomel electrode), and n the number of
electrons involved in the redox transition. Either safranin O (Em =
289 mV), phenosafranin (Em = 252 mV) or anthraquinone-2-sul-
fonate (Em = 225 mV) was used as the indicator dye, with 2 lM
methylviologen as a mediator. All these dyes are subject to a one-
electron redox transition. Time series of visible spectra were
recorded using an HP8453 UV/visible spectrophotometer from
280 to 700 nm [29], for at least 5000 s using an integration time
of 0.5 s and with a cycle time of 30 s.
2.4. Site-directed mutagenesis
The W104A-, Q63N-, Y21F- and Q63H-variants of the BLUF do-
main of AppA were constructed using the QuickChange site-direc-
ted mutagenesis kit (Stratagene, La Jolla, CA) and pQEAppA5-125 as
the template DNA for the PCR reactions [19]. All mutations were
conﬁrmed through DNA-sequence analysis.
2.5. Calculations
Midpoint potentials were routinely calculated from the inter-
ception with the ordinate in a plot of the redox potential of the
dye versus the redox potential of the protein under study. Occa-
sionally, the time series of spectral data were de-convoluted with
global analysis, prior to calculations of the concentration of the oxi-
dized and reduced form of the photoreceptor protein. This did not
signiﬁcantly change the outcome of the calculations. Redox mid-
point potentials of mediators and dyes were taken from [27].
3. Results
3.1. Optimization of the redox-midpoint potential assay
BLUF domains, as isolated and puriﬁed from their natural host,
as well as after heterologous (over)expression in E. coli, have their
ﬂavin in the fully oxidized form [7,30]. We therefore expect the
BLUF domains to gradually be converted to the reduced form under
our measurement conditions. As the indicator/reporter probe sev-
eral dyes were tested, using the selection criteria of: (i) minimal
spectral overlap between the dye and the oxidized and reduced
form of the photoreceptor protein, and (ii) close match of the redox
midpoint potential of the selected dye and the particular ﬂavopro-
tein under study. Using these criteria, particularly phenosafranin,
safranin O and anthraquinone-2-sulfonate (all three used at
20 lM) were found to be suitable. In addition, in all experiments
2 lM methylviologen was used as a mediator between the xan-
thine oxidase, the ﬂavin-containing photosensory receptor and
the indicator dye.
The initial experiments that we carried out showed poor repro-
ducibility. This has most likely been caused by slow diffusion of
molecular oxygen into the cuvette and could neither be prevented
by tighter ﬁtting of its cap, nor by more intense ﬂushing with
argon. We therefore decided to add the combination of glucose
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ity and turnover capacity of the latter enzyme for molecular oxy-
gen (200 lM and 250 U/mg; see product sheet of the enzyme)
decreases the remaining oxygen level to very low values and
may have prevented the formation of reactive oxygen species by
xanthine oxidase [31].
In this conﬁguration a number of indicator dyes were tested,
like anthraquinone-2-sulfonate, phenosafranine, and safranine O.
Of these dyes, particularly phenosafranine is excellently suited
for the titration of most of the BLUF domains. For the LOV domains,
which have a more negative redox-midpoint potential (see further
below), both safranine O and benzyl viologen can be used. By lim-
iting the amount of xantine oxidase to 75 lg/ml (ﬁnal concentra-
tion) sufﬁciently slow reduction is achieved so that it will take
more than 2 h before the majority of the ﬂavoprotein has been re-
duced (Fig. 1A and B). By recording absorbance changes at 521 and
446 nm it is then possible (after correction for the contribution of
the absorbance changes at 446 nm by the phenosafranine dye) toFig. 1. Redox titration of the wild type BLUF domain of anti-transcriptional
regulator AppA from Rhodobacter sphaeroides. (A) Continuous absorbance record-
ings at 521 nm (solid line) and 446 nm (dashed line). The reaction was initiated at
t = 200 s with addition of xanthine oxidase. (B) Full visible spectral recording (from
280 to 700 nm) of the color changes in the reaction mixture during the reducing
titration. Spectra were taken at 30 s intervals, but only every tenth spectrum is
shown. (C) Plot of the redox potential of the BLUF domain versus that of the dye,
fromwhich the redox midpoint potential can be calculated according to the method
described in the Secton 2.calculate the oxidized/reduced ratio of both components. Plotting
these ratio’s against each other then allows one to calculate the re-
dox-midpoint potential of the ﬂavoprotein photoreceptor from the
known midpoint potential of the indicator dye (252 mV; see
Section 2.3). These calculations are most conveniently carried out
by using the values of the intersection of the titration curve with
either abscise or ordinate (Fig. 1C).
Registration of complete spectra (e.g. from 300 to 650 nm) at
regular intervals, followed by global analysis of such data (see
e.g. [29]), also allows one to calculate the concentration of the oxi-
dized and reduced forms of the dye and the ﬂavoprotein under
study. This approach, however, did not lead to signiﬁcantly differ-
ent results (data not shown). To further test the redox equilibration
between the various redox couples in the sample cuvette during a
titration, in a subsequent experiment, after reduction of the sample
with xantine and xantine oxidase, the cap of the cuvette was re-
moved. To test the reversibility of sample reduction with xanthine
and xanthine oxidase, the sample was exposed (through opening
the cap and slow stirring) to oxygen inﬂux into the cuvette after
most of the sample had ﬁrst been reduced. The contents of the
sample thus were re-oxidized during a period of 500 s. Fig. 2 shows
that the plot of the redox state of the dye versus that of the ﬂavo-
protein in the reduction phase practically coincides with the same
plot during the re-oxidation. This validates that the measured and
calculated E0’ values represent true equilibrium midpoint poten-
tials (compare e.g. [22]).
3.2. Redox midpoint potentials of a series of BLUF and LOV domains
Fig. 3 shows an overview of the results obtained in our assays of
the redox-midpoint potential of free ﬂavin and of a series of ﬂavin-
containing photoreceptor domains. The redox midpoint potential
of the two LOV domains (i.e. YtvA from Bacillus subtilis and the
LOV2 domain of phototropin-1 from A. sativa), as measured in this
study (307 and 308 mV, respectively) is close to the value re-
ported for the LOV1domainof thephototropin fromChlamydomonas
reinhardtii (290 ± 20 mV [22]). Similar agreement exists between
the measured redox-midpoint potential of FAD (and FMN; data not
shown) and values reported for these nucleotides in the literature
[32,33].
Signiﬁcantly, the value obtained for the wild type BLUF domain
of AppA is intermediate between these two values, i.e. in the order
of 255 to 260 mV. The same holds for several variants of the
BLUF domain, obtained through site-directed mutagenesis of single
amino acids, like the W104A-, Q63N- and Y21F protein. However,
upon modiﬁcation of a key residue in the ﬂavin-binding pocketFig. 2. Reversibility of the reduction and oxidation of the BLUF domain of AppA,
with xanthine plus xanthine oxidase and with oxygen, respectively. Data were
obtained with 20 lM of the wild type AppA5-125 domain. The reduction reaction
was recorded in a period of 5000 s; the oxidation reaction was initiated by
opening the lid of the cuvette and took 500 s. Solid line: oxidation; dashed line:
reduction of the ﬂavoprotein. ‘dye’: phenosafranin.
Fig. 3. Calculated redox-midpoint potential of FAD, a series of BLUF domains of a
ﬂavin-containing photoreceptor protein, and of a/the LOV-domain of the photore-
ceptors YtvA and Phototropin 1. For details: see Section 3 and 4. Bars represent
standard deviations. N = number of independent assays of the particular midpoint
potential. Grey: BLUF domains; black: LOV domains; open bar: aqueous solution of
FAD. Values have been expressed relative to the calomel electrode. ‘AppA’ refers to
residues 5–125 of the N-terminal BLUF domain of the anti-transcriptional regulator
AppA from Rhodobacter sphaeroides.
Fig. 4. Correlation between absorbance maximum and redox midpoint potential of
ﬂavin-containing photoreceptor domains. Legend to Fig. 4: values for the maximal
ﬂavin absorbance of the various domains were derived from UV/Vis spectra of the
puriﬁed proteins. Symbols represent: : YtvA; }: AsLOV2; N: AppA5-125Q63 N; 4:
AppA5-125Y21F; j: AppA5-125W104A; h: AppA5-125; d: AppA5-125Q63H; s: AppA5-
125Y21F W104F.
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the midpoint potential of the protein-bound ﬂavin shifts to a
value close to the midpoint potential for free ﬂavin in aqueous
solution.
In none of these redox titrations evidence for the formation of a
ﬂavosemiquinone intermediate form has been obtained.
4. Discussion
The xanthine/xanthine oxidase method [27,28] that we selected
for the redox titrations reported in this investigation worked well,
as can be concluded from the absence of hysteresis in Fig. 2. Be-
sides the general problem of slow equilibration, which is inherent
to many redox reactions, another crucial factor in these experi-
ments is the exclusion of molecular oxygen. Particularly in the
most negative range of redox potentials studied, ﬂushing with ar-
gon did not sufﬁce to achieve this. Addition of glucose/glucose oxi-
dase, however, was sufﬁcient to solve this problem.
Besides BLUF and LOV domains (see Section 3.2), values for the
redox-midpoint potential of Cryptochromes and photolyases are
available from the literature. Balland et al. [23] recently reported
a value of 161 mV for the oxidized to reduced transition of
Arabidopsis thaliana cryptochrome 1 (note that this photoreceptor
– besides the fully reduced form -also shows ﬂavin semiquinone
formation, with a midpoint potential of 153 mV relative to the
calomel electrode), very close to the 181 mV reported earlier
for the same protein [34]. In the same study DNA-photolyases
are reported by Balland et al. to have a midpoint potential in the
range of 48 to +28 mV (depending on whether or not DNA
substrate is bound), which is very close to the values for the same
enzyme measured by Sokolowsky et al. [35].
Accordingly, among the three ﬂavin-containing photoreceptor
families, the midpoint potential of LOV-, BLUF- and CRY-domains
increases in this order, up to values close to those for free ﬂavin,
whereas photolyases have a midpoint potential that is even higher
than the one of free ﬂavin. Signiﬁcantly, this is consistent with the
mechanism of primary photochemistry in the three photoreceptor
families, as ﬂavin reduction is absent in LOV domains (which have
the most negative midpoint potentials), is observable at the very
fast time scale in BLUF domains, and is prominent in crypto-
chromes (see also Section 1). The very low midpoint potentials of
LOV domains may make them very robust and on this basis may
explain their very wide phylogenetic distribution, even in very
extremophilic microorganisms [11].Tuning of the ﬂavin midpoint potential by the side chains of the
surrounding apo-protein in the chromophore-binding pocket can
be caused by: (i) p-stacking aromatic amino acids [36]; (ii) bending
of the isoalloxazine-ring [37], and (iii) hydrogen bonding from and/
or protonation by amino acid residues in the ﬂavin-binding pocket
[38]. These multiple factors make it very complicated to predict the
effect of – even single – amino acid substitutions on the ﬂavin mid-
point potential. In this respect it is relevant to note that Balland
et al. [23] discuss the quite strong effect of (replacement of) a spe-
ciﬁc asparagine which is in close proximity to the ﬂavin in crypto-
chromes and photolyases, whereas in this study the Q63 mutants
show only modest alteration of the ﬂavin midpoint potential. Many
more studies will be necessary to decide which of these two obser-
vation is the rule and which is the exception.
In the receptor state of the photosensory receptor proteins the
latter of the three factors seems to make the most important con-
tribution. A change in the number of hydrogen bonds to the aro-
matic ring of the ﬂavin is expected to shift its UV/Vis [39–42].
Accordingly, one would also expect a correlation between the re-
dox midpoint potential and the UV/Vis absorption maximum of
the ﬂavin-containing photoreceptors. This correlation is indeed ob-
served among the set of LOV- and BLUF-domains studied here (see
Fig. 4). Although several cryptochromes have their absorbance
maximum at even shorter wavelength than 440 nm [43,44]), also
longer wavelength maxima have been reported for this photore-
ceptor domain (e.g. [45]), and also free FAD does not show this cor-
relation. Signiﬁcantly, ﬂavin both in aqueous solution and in the
Cry domain, has largely lost its vibrational ﬁne structure, which
may explain this lack of correlation.
An intriguing open question that remains is the relation be-
tween the intracellular redox potential and the in vivo redox state
of these ﬂavin-containing photoreceptors. The intracellular redox
potential differs a lot between the various relevant redox couples
(e.g. between NAD+/NADH and NADP+/NADPH, but for this discus-
sion the former couple presumably is the most important, because
of the abundance of this nucleotide. In the eukaryotic cytoplasm
the redox potential of this couple most likely is higher than
300 mV ([46]. Based on this, one can easily rationalize that LOV
domains in vivo will have an oxidized ﬂavin in the receptor state.
However, for BLUF-, and particularly for CRY domains this is less
clear. Modulation of the redox state of their ﬂavin chromophore
in the receptor state may therefore form part of the regulation to
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relevant to note that the midpoint potential of the sulfhydryl
groups of AppA, which mediate the redox regulation of its interac-
tion with PpsR, has been estimated to be 315 mV [48]. The cyto-
plasmic redox potential may particularly have an effect in
prokaryotes, as many of them can thrive in the absence of oxygen,
i.e. in very reducing conditions. Therefore, a lot remains to be
learned about the mechanism of integration of light- and redox sig-
nals, particularly in BLUF domains. Of particular relevance is the
question whether or not light-sensitivity of ﬂavin photoreceptors
is strictly limited to receptor states with an oxidized ﬂavin. Re-
cently, the term ‘optogenetics’ was coined to refer to studies in
which engineered photoreceptors are used to study a wide range
of biological problems [49,50]. We anticipate that this ﬁeld will
bring more light to the details of this integration [51]. Knowledge
to be gained in such studies may further aid engineering efforts,
like the transformation of BLUF domains into LOV domains and visa
versa [12], because they form the ultimate proof of proper under-
standing these photosensory receptor systems.
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